Objective: Oxygen consumption (MVO,) of stunned myocardium is relatively high compared to, and poorly correlated with, systolic contractile function. The aim of this study was to investigate whether an increased afterload dependency, induced by the decreased contractility of the stunned myocardium, contributes to the large variability in the mechanical efficiency data. Methods: In 13 anaesthetised open thorax pigs undergoing two cycles of 10 min occlusion of left anterior descending coronary artery and 30 min reperfusion, segment shortening, the slope of end systolic pressure segment length relationship (E,,), external work (EW, derived from the area inside the left ventricular pressure segment length loop), the efficiency of energy conversion (EET, =EW/PLA X lOO%, where PLA = total pressure-segment length area), mechanical efficiency (EW/MVO& and their dependency on left ventricular end systolic pressure (P,,) were determined before and after induction of stunning, and during subsequent inotropic stimulation with dobutamine (1 and 3 pg.kg-'.min-' over 15 min). Results: The stunning protocol not only caused significant decreases in segment shortening, external work, energy conversion efficiency, and EWA4V02 but also increased the afterload dependency of these variables. Before stunning an increase in P,, from 100 to 160 mm Hg decreased segment shortening from 18(SEM I)% to 14(2)% (P > 0.05) and increased external work from 206( 18) to 254(32) mm Hg.mm (P < 0.05). After induction of stunning the same increase in P,, caused a decrease in segment shortening from 9.5( 1.8)% to -4.6(2.1)% (P<O.O5) and in external work from 149(21) to -1 l(l0) mm Hg.mm (P<O.O5). The afterload dependency of the PLA was not altered by stunning, but the afterload dependency of energy conversion efficiency increased, since efficiency decreased from 67(3)% to 59(5)% as P,, was increased from 100 to 160 mm Hg before stunning, but from 57(5) to -7(5)% after,induction of stunning (P < 0.05). Furthermore, the same increase in P,, resulted in an 8% decrease of EW/MV02 before stunning and 107% after induction of stunning. Infusion of dobutamine not only restored segment shortening, external work, energy conversion efficiency, and EW/MVO> of the stunned myocardium, but also attenuated their afterload dependency to prestunning levels. Conclusions: Myocardial stunning increases the afterload dependency of segment shortening, external work, energy conversion efficiency, and mechanical efficiency, which can be attenuated by inotropic stimulation with dobutamine. However, the decrease in left ventricular end systolic pressure, which accompanies the induction of stunning. counteracts the decrease in these variables. These two mechanisms can explain most of the reported scatter il'mechanical efficiency. Cardiovascular Research 1995;29:428-437 0 xygen consumption (MVO,) of stunned myocardium is not only relatively high compared to the postischaemic function, but is also poorly correlated to the degree of regional dysfunction, as assessed by segment shortening or wall thickening."
0 xygen consumption (MVO,) of stunned myocardium is not only relatively high compared to the postischaemic function, but is also poorly correlated to the degree of regional dysfunction, as assessed by segment shortening or wall thickening."
Schaper ef al3 have postulated that differences in species may be a major factor in explaining this poor relationship since in dogs a 50% decrease in segment shortening was accompanied by a 30% decrease in MVO?, while in pigs MVO, of the stunned myocardium was unchanged, despite the complete loss of segment shortening. However, mechanical efficiency, defined as the ratio between regional external work (EW, estimated from the area inside the left ventricular pressure-segment length loop) and MVO:, has been shown not to be decreased in stunned porcine myocardium but significantly decreased in stunned canine myocardium." ' This apparent discrepancy suggests that factors other than species differences must also play a part.
For instance, left ventricular systolic pressure is a major determinant of oxygen demand6 and stunning-induced changes in left ventricular systolic pressure therefore affect postischaemic myocardial oxygen demand. External work incorporates both segment length and pressure development and accounts for the changes in left ventricular systolic pressure. Its response to changes in left ventricular pressure, however, depends on the contractile state and therefore might be different for stunned myocardium. Data on the afterload dependency of external work in stunned myocardium are lacking, however, Nozawa et al7 have shown that in normal myocardium the efficiency of energy conversion from total mechanical work (estimated from total pressure-volume area) to external work not only depends on afterload but also on the level of contractility. Furthermore, they also showed that in normal myocardium this afterload dependency of energy conversion efficiency decreased during inotropic stimulation.' Using left ventricular pressuresegment length relationships, we have shown that in stunned myocardium, both the contractile state and energy conversion efficiency are decreased. 4 We therefore hypothesised that in regionally stunned myocardium, because of its depressed contractile state, the afterload dependency of energy conversion efficiency should be increased. The first aim of this study was therefore to evaluate this hypothesis by determining the afterload dependency of energy conversion efficiency obtained from left ventricular pressuresegment length relationships before and after induction of stunning. Since energy conversion efficiency is determined by the ratio of external work over total mechanical work ( fig I) , we also evaluated how the afterload dependency of external work and systolic shortening was affected by myocat-dial stunning.
Experimental protocol
After a 30-45 min stabilisation period, baseline recordings were made of systemic haemodynamic variables, left anterior descending coronary artery blood flow, and segment length in the two myocardial regions, while arterial and coronary venous blood samples were collected for measurement of oxygen content. With the ventilation switched off, the balloon in the ascending aorta was then gradually inflated over a period of 5-10 s to create a series of lo-20 beats with increasing afterloads (40-50 mm Hg increase in left ventricular end systolic pressure) for the construction of the left ventricular end systolic pressure-segment length relationships.
The procedure is sufficiently short to prevent reflex mediated changes in contractility." The left ventricular pressure and segment length signals were digitised and stored on disk for off-line analysis.' After baseline data were recorded, heart rate was raised by 30 beatsmin for 3 min. After all variables were again determined, heart rate was raised by another 30 beatsmin-' and 3 min later all measurements were repeated. The pacemaker was then switched off and following a short stabilisation period, the left anterior descending coronary artery was occluded twice for 10 min at 30 min intervals to induce stunning."
Thirty minutes after the second occlusion, all data were again collected at intrinsic heart rate and after pacing induced increments of 30 and 60 beatsmin', respectively. The animals were then assigned arbitrarily to two groups. Seven animals were further studied after receiving consecutive 15 min infusions of dobutamine (1 and 3 p,g.kg-',min?), while six animals were further studied after receiving identical volumes (I and 2 ml.min ', respectively) of saline.
Data analvsis and statistics
Burkhoff and Sagawa" have established a relationship between mechanical efficiency, contractile state, and afterload. This theoretical relationship implies that in normal myocardium mechanical efficiency becomes less afterload dependent when contractility increases. We therefore hypothesised that in stunned myocardium the afterload dependency of mechanical efficiency is increased. This information should enable us to evaluate the hypothesis that a stunning induced decrease in afterload can compensate for the decrease in mechanical efficiency induced by the The ascending aortic blood flow was taken as the cardiac output, although it does not take into account the coronary blood flow, which may amount to 2-4% of the total output. Segment length was measured at end systole (ESL) and at end diastole (EDL) to Effect of dobutamine on contractile function of stunned and non-stunned myocardium (table II) In the distribution area of the left anterior descending coronary artery, segment shortening decreased from 19.1(1.3)% to 8.8( l.l)% (P ~0.05) after induction of stunning. There were no further changes in segment shortening during the subsequent saline infusion, but during dobutamine infusion the mean value recovered dose dependently to 17.4(1.8)0/c. In the non-stunned myocardium segment shortening was not affected by either the induction of stunning or the saline or dobutamine infusions.
In the distribution area of the left anterior descending coronary artery, E,, (at 100 mm Hg) was reduced to 60(7)% of baseline after the two occlusion-reperfusion sequences, but returned to baseline during infusion of 3 p,g.kg-'.min-' Table Z 
3 (2) 20 ( 175) 855 (130):
"ml.min-' for saline and pg.kg-'.min-' for dobutamine; LV dP/dt,,, = maximum rate of rise of left ventricular pressure. *P<O.O5 v baseline (for stunning values only); tdobutamine induced change from stunning is significantly different (PcO.05) from saline induced change from stunning.
Table ZZ Changes in regional contractile function in pigs with stunned (left anterior descending coronary artery supply) and non-stunned (lef circumjex coronary artery supply) myocardium during infusion of saline or dobutamine. The myocardium was stunned by two periods of 10 min of left anterior descending coronary artery occlusion separated by 30 min of myocardial reperfusion. Values are means(SEM). dobutamine. E,, of the non-stunned segment was not affected by the stunning protocol, but increased by more than 50% during infusion of dobutamine (P~0.05). Neither stunning nor dobutamine infusion had any effect on the value of L, in either distribution area. Infusion of saline also had no effect on E,, and L, of the stunned and non-stunned myocardium, providing additional evidence for the stability of the preparation.
Effect of dobutamine on total mechanical work, external work, and energy conversion e&ficiency of stunned and non-stunned myocardium (table III) Induction of stunning and the infusions of saline or dobutamine did not affect total mechanical work in the distribution areas of the left anterior descending and left circumflex coronary arteries. Although total mechanical work of the stunned region was not significantly affected by stunning, there was a redistribution in favour of the potential energy as the external work was reduced to 52(5)% of baseline. There were no further changes in external work of the stunned myocardium during infusion of saline, but during infusion of dobutamine external work returned to baseline. In the non-stunned myocardium, external work increased (P < 0.05) during infusion of the highest dose of dobutamine, but the effect was less pronounced than in the stunned myocardium.
A consequence of the decrease in external work and the negligible effect of total mechanical work was that energy conversion efficiency of the stunned myocardium decreased from 69(4)% to 45(4)% (P < 0.05). During infusion of saline, there were no changes in energy conversion efficiency, but during infusion of dobutamine there was almost complete recovery. In the non-stunned myocardium energy conversion efficiency increased to 79(5)% during infusion of the highest dose of dobutamine. was less than the decrease in external work, implying a reduction in mechanical efficiency (external work to Mv02 ratio; EW/ MirO,) from 5f(5) to 35(5) mm Hg~minQ.mol~beatr'~lOO g-l)-' (P~0.05). MVO, (per beat) remained unchanged during dobutamine infusion. In view of the increase in external work, this implied that EW/MirO? increased.
Afterload dependency of contractile function (fig 3) Before induction of stunning, segment shortening in the distribution area of the left anterior descending coronary artery was only minimally affected when P,, was increased, but after induction of stunning, it became very sensitive to increases in P,,. This afterload dependency of segment shortening did not change during infusion of saline, but was Table III Changes in total mechanical work, external work, and efficiency of energy conversion in pigs with stunned (left anterior descending coronary artery supply) and non-stunned (left circumjlex coronary artery supply) myocardium during infusion of saline or dobutamine. The myocardium was stunned by two periods of 10 min of left anterior descending coronary arteT occlusion separated 30 min of myocardial reper,fusion. Values are means(SEM).
Baseline Stunning (n = 13) (n = 13) &dine n = 6 Dobutamine n = 7
Infusion rate"
A from stunning For the sake of clarity the bars indicating the SEM have only been given in a limited number qf data points. attenuated during infusion of dobutamine. In the distribution area of the left circumflex coronary artery, segment shortening remained insensitive to changes in PeF during the entire protocol.
Before stunning, E,, decreased as P,, increased. During stunning, the dependency of E,, on P,, was decreased as the end systolic pressure-segment length relationship became more linear. During the highest infusion rate of dobutamine the dependency of E,, on P,, was not different from baseline.
Afterload dependency of total mechanical work, external work, and energy conversion ejfticiency (figs 4-6) Before induction of stunning, there was a positive relationship between total mechanical work and P,, in the distribution area of the left anterior descending coronary artery. This relationship was not altered by the stunning protocol and the subsequent infusions of dobutamine (fig 4) . External work, on the other hand, showed a similar pattern as segment shortening (compare figs 3 and 5). Consequently energy conversion efficiency became inversely related to P,, after the induction of stunning (fig 6) . The lowest dose of dobutamine had only a negligible effect on this inverse relationship, but during infusion of 3 Fg.kg-'.min-' of dobutamine the relationship normalised (fig 6) . The afterload dependency of the energy conversion efficiency of the nonstunned myocardium was not affected by dobutamine.
Afterload dependency of EW/MvO, before and after stunning (fig 7) Before induction of stunning, the afterload dependency of M\iO, could be described, with MVO, = 0.0274(0.0078) E,, (P,,) + 0.0089(0.002) PLA (P,,) -0.7043(0.8444), in which (Y, p, and y were obtained using the data from the pacing tests. After the induction of stunning, this relationship became MvOZ = 0.0275(0.0143) E,, (P,,) + 0.0049(0.0014) PLA (P,;) + 1.1447(0.6098). Using the dependency of external work, E,,, and total mechanical work on P,,, we determined the afterload dependency of EW/M$'O? before and after induction of stunning. Figure 7 shows that after induction of stunning EW/MVO, decreased as P,, was increased. For example, EW/MV02 decreased only from 55 to 5 1 mm Hg.mm&mol.beat-I.100 g-l)-' as P,, was increased from 100 to 160 mm Hg before induction of stunning, but from 48 to -3 mm Hg.mm&mol.beat-'. 100 g-l)-' after induction of stunning. Similarly, energy conversion efficiency decreased only from 67(3)% to 59(5)% before, but from 57(5)% to -7(5)% after induction of stunning. Since PLA/Mv02 was not affected by the stunning protocol, it appears that the increased afterload dependency of EWIMv02 during stunning was predominantly determined by the increased afterload dependency of the energy conversion efficiency. Figure 7 also shows that the decrease in EW/MvOz would have been 35% if P,, had remained unchanged after induction of stunning, but owing to the decrease in P,,, the decrease in EWIMVO, was only 20%.
Discussion
The decrease in segment shortening in the present study is similar to that reported in an earlier study using the same protocol.4 In addition, the end systolic pressure-systolic length relationship rotated clockwise in stunned myocardium and its curvature decreased, which indicates a decrease in contractility. '+I6 Because of this curvature, we assessed contractility at P,, values of 100, 130, and 160 mm Hg and findings, external work decreased. Since total mechanical observed decreases in the slope of the pressure-length work remained unchanged, a larger fraction of the consumed relationship of 40%, 30%, and 20%, respectively, which also oxygen must have been used for conversion of energy into agrees with our earlier findings.4 In concert with these heat. The effect on mechanical efficiency is complicated by the fact that at constant afterload external work depends on E,,, while oxygen consumption depends on both total mechanical work and E,,. A decrease in E,, therefore decreases both external work and oxygen consumption and the relative magnitudes of both effects determine the change in mechanical efficiency. In addition, afterload or end systolic pressure is an important modulator of external work and oxygen consumption and therefore of mechanical efficiency.6 ' Segment shortening was relatively insensitive to transient changes in afterload before induction of stunning, but decreased markedly when the afterload was increased after the myocardium was stunned. This increased sensitivity may be an important factor to explain the reported variability regarding the degree of stunning, as it now appears that the depression in segment shortening does not depend only on the species but is also affected by the changes in afterload. For instance, more severe ischaemia will not only lead to a larger depression in segment shortening, but also to a larger depression in afterload. This larger depression in afterload will, however, oppose the larger decrease in segment shortening. Furthermore, although external work depends on both left ventricular pressure and segment shortening, the increased afterload dependency of external work is mainly due to the increased afterload dependency of segment shortening (compare figs 3 and 5).
The total mechanical work remained relatively insensitive to changes in afterload after induction of stunning. Therefore energy conversion efficiency, which expresses the partitioning of total mechanical work into potential energy and external work, became highly sensitive to changes in afterload after stunning, which is in accordance with the observations of Nozawa et a1,7 who showed that the afterload dependency of the energy conversion efficiency was less when myocardial contractility was increased. The attenuation of the afterload dependency of energy conversion efficiency after stimulation with dobutamine further confirmed that contractility is an important modulator of the afterload dependency of energy conversion, as well as external work and segment shortening.
The reported data on myocardial oxygen consumption of stunned myocardium show a large scatter as it has been found to be decreased,'-5 '* '* 24m27 unchanged,3 and even increased'9-23 28 compared to its prestunning value. Combining these data with the simultaneously determined regional function data (systolic segment shortening or wall thickening), reveals that the oxygen cost of stunned myocardium is high and that this was more pronounced in pig hearts than in dog hearts.3 This postulation has been challenged by Vinten-Johansen et a1,5 who used the area inside the left ventricular pressure-segment length relationship as an index of external work and demonstrated a decrease in mechanical efficiency of stunned canine myocardium, while Krams et al4 observed a non-significant change in mechanical efficiency of stunned porcine myocardium. These observations4 5 appear to contradict the postulate that species differences play an important role in the variability of mechanical efficiency of stunned myocardium. The hypothesis that the increased afterload dependency of stunned myocardium contributes to the scatter in data on mechanical efficiency was strengthened when the relationship described in fig 7 was tested against published data. 4 '*w Figure 8 shows that, as Schaper et al3 suggested, the decrease in mechanical efficiency was indeed more pronounced in dog than in pig myocardium. However, the decreases in mechanical efficiency proved also to be closely related to the more pronounced stunning induced reductions in arterial pressure or afterload in the pig than in the dog. As shown above, the latter will counteract larger decreases in mechanical efficiency. One factor in the larger stunning induced decrease in left ventricular end systolic pressure in the pig than in the dog relates to the fact that in the pig the left anterior descending coronary artery supplies a larger fraction of the left ventricular myocardium than in the dog. Another factor is the absence of a coronary collateral circulation in the pig. This larger depression in left ventricular systolic pressure will, because of the increased afterload dependency, counteract the decreases in external work and mechanical efficiency. The data in fig 8 show a significant relationship between mechanical efficiency and P,, (r* = 0.56, P < 0.05), implying that 56% of the variability in mechanical efficiency could be explained by the changes in P,,. The remaining variability suggests that other factors such as duration of preceding ischaemia, sequences of the occlusion-reperfusion protocols, anaesthesia, and temperature may play an additional role. For instance Triana et aZz9 have shown that both wall thickening (and therefore also segment shortening) and oxygen consumption of stunned myocardium depend upon body temperature. How- The lines were the relationships derived from jig 5 and jig 7 ut end systolic pressures of (P,,,) of 100 mm Hg (-) and 160 mm Hg (----). There was a difference of mechanical ejjiciency between pig and dog; this was mainly due to different decreases in pressure.
ever, in the present study we controlled the body temperature of the animals between 37 and 38"C, a range in which the wall thickening is less temperature dependent.29 Further analysis showed that since the ratio of total mechanical work over oxygen consumption (PLA/MvO,) remained almost unchanged, the afterload dependency of mechanical efficiency was predominantly determined by the pronounced afterload dependency of energy conversion efficiency during stunning (fig 7) . Inotropic stimulation with dobutamine not only restored the steady state values of mechanical efficiency, external work, and energy conversion efficiency (table III; fig 2) to baseline, but also attenuated the afterload dependency of energy conversion efficiency. Since in the present experiments, the afterload dependency of mechanical efficiency is primarily determined by the afterload dependency of energy conversion efficiency, our results indirectly indicate that the increased afterload sensitivity of mechanical efficiency might also be a consequence of the decrease in E,,, which reflects disturbances in excitationcontraction coupling. Disturbances in excitation-contraction coupling have been related to a diminished calcium cycling or decreased myofibrillar calcium sensitivity or both. The present report does not discriminate between these two mechanisms, but earlier studies from our laboratory have shown that at the time points in which we determined the depressed segment shortening, external work and E,, of the postischaemic myocardium, the activity of the calcium pump of the sarcoplasmic reticulum is normal" and that administration of a calcium sensitiser specifically increases mechanical efficiency of the stunned region."
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Fan, Soei, Sassen, Krarns, Verdouw Limitations of the method Myocardial oxygen consumption data contain information about the entire myocardial wall, and wall thickening may therefore be a more appropriate functional variable as segment shortening and derived indices such as external work and E,, characterise the function of the layers in which the crystals are implanted. We have earlier shown, however, that in pigs crystals implanted in the subendocardial and subepicardial layers of normal and reperfused myocardium respond similarly to inotropic stimuli3' Left ventricular end systolic pressure was used as an index of afterload but other indices such as aortic input impedance have also been proposed. The latter not only incorporates vascular resistance, but also vascular compliance and inertia,"' and can not therefore be characterised with a single number. Others have defined force per cross sectional area (stress or pressure) as an index of afterload. As regional stress depends on the regional curvature, which was not determined during this experiment, end systolic pressure has been adopted, despite its shortcomings, in the present study as a single index of afterload.
After induction of stunning the curvature of the end systolic pressure-systolic length relationship was close to zero, which implies that E,, became independent of P,,. This linear relationship is most certainly caused by the experimental conditions such as duration and severity of the ischaemic periods and the time of measurement, and should therefore not be considered to be a fundamental property of the stunned myocardium. It is in agreement, however, with measurements obtained from studies in isolated heart. I4
Finally for heart rates less than 100 beatsmin-', y is heart rate dependent.'3 In the present study heart rates was consistently higher than 100 beatsmin-', a range in which the effect of heart rate on y becomes negligible.33
Conclusion
In conclusion, we examined the changes in segment shortening, external work, mechanical efficiency, and energy conversion efficiency during transient changes in afterload before and after induction of myocardial stunning. The results show that the afterload dependency of segment shortening, external work, mechanical efficiency, and energy conversion efficiency became much more pronounced in stunned myocardium, and this could be reversed by dobutamine infusion. These findings therefore imply that the disturbances in energy conversion in stunned myocardium become highly afterload dependent, due to a decrease of contractility, resulting in a decreased mechanical efficiency at physiological afterloads. The stunning induced decrease in afterload, however, tends to oppose the decrease in mechanical efficiency induced by the decrease in contractility. These opposing factors explain the reported variability of external work and mechanical efficiency of stunned myocardium. 
